The post-synaptic spines of neuronal dendrites are highly elaborate membrane protrusions. Their anatomy, stability and density are intimately linked to cognitive performance. The morphological transitions of spines are powered by coordinated polymerization of actin filaments against the plasma membrane, but how the membrane-associated polymerization is spatially and temporally regulated has remained ill defined. Here, we discuss our recent findings showing that dendritic spines can be initiated by direct membrane bending by the I-BAR protein MIM/Mtss1. This lipid phosphatidylinositol (PI(4,5)P 2 ) signaling-activated membrane bending coordinated spatial actin assembly and promoted spine formation. From recent advances, we formulate a general model to discuss how spatially concentrated protein-lipid microdomains formed by multivalent interactions between lipids and actin/membrane regulatory proteins might launch cell protrusions.
The initiation of dendritic filopodia is promoted by membrane bending while their elongation requires actin polymerization It is widely acknowledged that the actin cytoskeleton drives the morphological changes underlying dendritic spine morphogenesis. 1, 2 However, actin polymerization is not the only mechanism shaping spines. We recently discovered that during the initiation of dendritic protrusions, actin polymerization is preceded by a separate membrane-bending step. 3 This direct membrane bending is likely to involve different I-BAR/IF-BAR domain proteins, which mediate the bending of the plasma membrane outwards. [3] [4] [5] [6] [7] I-BAR and IF-BAR proteins are multidomain scaffolding proteins that bind phosphoinositides (in particular PI(4,5)P 2 and PI(3,4,5)P 3 ) via a slightly curved lipid-binding interface. 4, 5, 8 Above a critical concentration, these proteins oligomerize, which results in the directional bending of the membrane into a tubular protrusion. 5, 8, 9 Remarkably, this outward bending of the dendritic membrane might be counteracted by canonical BAR-proteins such as ArhGAP44 that induce opposite membrane curvature. 10 In neurons, we found that MIM was recruited to the dendritic membrane by phosphoinositides, resulting in its oligomerization and the induction of small membrane buds that gave rise to filopodia (Fig. 1) . 3 The growth of these buds into filopodia critically required actin filament assembly by the Arp2/3 complex. 3 In cultured neurons, the expression levels of both MIM and srGAP3 positively correlate with the density of membrane protrusions. 3, 4 Because filopodia are precursors for the dendritic spines that host excitatory synapses, [11] [12] [13] dysfunctional filopodia initiation is likely to cause aberrant circuits and neurological disturbances. Indeed, MIM knockout mice displayed dysfunctional synaptic transmission and both MIM and SrGAP3 knockout mice displayed abnormal behavior. 3, 4 Taken together, a molecular assembly that couples specific lipids, membrane bending molecules and actin assembly factors cooperate during the launching of spines.
The upstream signaling of dendritic filopodia initiation
An important, unresolved aspect about dendritic filopodia is whether their initiation involves specific neuronal activity, signaling cues and/or some pre-existing structures. Filopodia initiation in axons of chick DRG neurons has been associated with preassembled actin patches. 14 In our experiments using the actin filamentbinding peptide Lifeact, we did not observe clear preassembled actin patches at sites of future filopodia initiation (see e.g. Fig. 1C-E) , which might reflect the structural differences of filamentous actin assemblies involved in filopodia formation between axons and dendrites. The axonal filopodia comprise of straight, fascin-bundled actin filaments, 15 whereas the dendritic filopodia display a mixture of branched and straight actin filaments that are not tightly bundled. 16 Moreover, since MIM was not found in axons, 3 it seems likely that the filopodia initiation mechanisms differ between axons and dendrites. It has also been shown that dendritic filopodia often emerge close to pre-assembled PSD95 clusters found along the dendritic shafts, and that filopodia start to accumulate PSD95 after 30-120 min of their appearance. 12 In agreement, we observed cases where new filopodia emerged proximal to a pre-existing shaft synapse (marked by SAP97), however, we were unable to observe clear accumulation of SAP97 to filopodia within our 40 minute movies ((3) and data not shown). Thus, our data suggests that shaft synapses might be somehow involved in stimulating the initiation of new filopodia, but they are not directly converted to spine synapses. Altogether, our data implies that MIM is among the first molecules accumulating to future spine initiation sites.
Little is known about the signaling events that promote spine formation. Glutamatergic activity positively correlates with dendritic filopodia density, 17 but whether this effect is more attributable to increased initiation frequency or lifetime of filopodia, is not known. Similarly, the signaling molecule brain-derived neurotrophic factor (BDNF) increases dendritic filopodia density. 18 Interestingly, PI(3,4,5,)P 3 seems to be the down-stream signal for both glutamate and BDNF. 19, 20 PI(3,4,5,)P 3 was shown to accumulate to dendritic filopodia and to spinules (filopodia-like protrusions that arise from spine heads), and this accumulation was promoted by BDNF application 20 and neuronal activation, 19 respectively. While the generation of plasma membrane PI(4,5)P 2 and PI(3,4,5)P 3 is mediated by PI(4)P5 and PI3-kinases; fairly little is known of how the activities of these kinases are regulated. 21 Moreover, it remains to be determined whether the I-BAR/IF-BAR proteins respond to PI(4,5)P 2 and PI(3,4,5)P 3 in a similar manner. At least in vitro, these proteins do not seem to display a high degree of specificity to any particular phosphoinositide, 4, 5, 8 and since they all bind to the most abundant phosphoinositide at the plasma membrane PI(4,5)P2, 22 most studies have focused on this interaction.
Based recent advances, we articulate in the next chapter a hypothetical model to explain how transient phosphoinositide lipid signals can be sustained spatially to initiate protrusion assembly (Fig. 2) .
Self-organization of the biochemical constituents of protrusion initiation into a single membrane domain
The phosphorylated phosphoinositides PI(4,5)P 2 /PI(3,4,5) P 3 are intimately linked to both synaptic function 23 and the formation of cell protrusions 24 by promoting actin polymerization through selective binding and activation/ inactivation of molecules associated with actin polymerization. 21, 25 For example, the actin filament nucleation-promoting factor (NPF) N-WASP is sharply activated in response to a small (0.5-1.5 fold) increase in PI(4,5)P 2 density, 26 whereas the actin filament disassembly factor ADF/ cofilin is inactivated in a PI(4,5)P 2 -density dependent manner. 27 Importantly however, due to fast diffusion of lipids on membranes, it has remained unclear how spatially confined density differences of phosphoinositides are generated and sustained in cells in order to activate productive actin assembly for protrusion formation.
Simulations and experimental evidence suggest that signaling events that lead to a point source generation of negatively charged lipids (e.g., via the local activation of PIP-modifying enzymes) can promote the spatial recruitment of proteins with polybasic domains (Fig. 2) . 28, 29 Importantly, both I-BAR proteins and many actin-associated proteins harbor polybasic domains that bind PI (4,5)P 2 in a multivalent manner, promoting the formation of PI(4,5)P 2 -nanoclusters. 3, 9, 26, 27, 30, 31 Due to their self-association, I-BAR proteins oligomerize upon a critical concentration, leading to the formation of PI(4,5)P 2 -enriched lipid phases underneath the dynamic protein coat, and the simultaneous bending of the membrane outwards. 9, 32 These negatively charged microdomains are likely to serve as powerful attractants for phosphoinositide-binding moieties, such as polybasic domains. 33 Such domains are found in many actin regulatory proteins, including signaling proteins such as GTPases, 31 formins 30, 34 and nucleation promoting factors. 26 These actin assembly factors interact with each other via additional domains such as SH3 and polyproline stretches, and also bring non-lipid-binding molecules to the site. As an example, WH2 domain-containing proteins (e.g., I-BAR proteins) might increase the local concentration of 'polymerization competent' ATP-actin monomers at sites of protrusions to fuel for actin polymerization.
Altogether, the lipid-protein and protein-protein binding events are expected to sustain the state of lipid demixing and increase the likelihood of other interactions to occur in the same area, promoting the assembly of a complex, high-avidity meshwork at a focused area of the membrane (Fig. 2) . The organizing aspects of such an assembly might bear some resemblance to the nephrin-Nck-N-Wasp membrane-signaling system, which undergoes a phase separation above a critical concentration to promote local actin assembly. 35, 36 Importantly, we were able to partially recapitulate this self-organization phenomenon with our in vitro reductionist approach combining PI(4,5)P 2 -containing giant vesicles, actin, Arp2/3, N-WASP and MIM I-BAR domain. This combination was sufficient to induce the clustering of these molecules together at a single focus on the membrane to activate actin assembly. 3 The duration of the initial lipid synthesis is likely to play a defining role in the final output (actin polymerization), as a critical concentration of phosphoinositides and molecules responding to them needs to be reached in order to initiate the protrusion. Here, molecules with a sharp activation threshold to phosphoinositide density (such as N-WASP) play a key role by keeping the system inactive unless a threshold stimulus is reached. Moreover, specificity could be enforced through selective recruitment of molecules that activate key components. For example, many guanine nucleotide exchange factors of GTPases contain PH domains that are highly sensitive to particular phosphoinositide-species, and thus they regulate the GTPase activity spatially in a lipid-specific manner. 37, 38 In addition, local membrane curvature, in conjugation with phosphoinositides, has an important Figure 2 . A simplified hypothetical model on how proteins that promote protrusion formation might be sustainably concentrated on a specific membrane domain via multivalent protein-protein and protein-membrane interactions.
role in modulating the efficiency of actin polymerization, 39, 40 altogether suggesting that actin assembly in initiating protrusion is fine-tuned according to the geometrical and chemical nature of the environment.
Collectively, we envision that the initiation of (dendritic) filopodia involves the formation of a complex multicomponent lipid-protein assembly that supports lipid demixing to ensure the polymerization of actin filaments in a spatially confined area.
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